INTRODUCTION
Modern ranges in the central part of the northern Basin and Range province (along lat 39°-40°N; Fig. 1 ) formed largely during a widespread episode of major normal fault slip ca. 19-14 Ma (Miller et al., 1999; Stockli, 1999; Stockli et al., 2001; Surpless et al., 2002) . In many areas, these ranges cut and uplifted older extensional terranes that formed in the Eocene to early Miocene (e.g., Smith, 1992; Miller et al., 1999; Hudson et al., 2000; Egger et al., 2003; Howard, 2003) , and the magnitude of Cenozoic extension totals 50%-100% (Smith et al., 1991) . More recent (<12 Ma) Basin and Range extensional faulting has been concentrated largely at the eastern and western margins of the province and has generally involved more limited amounts of extension (e.g., Gilbert and Reynolds, 1973; Dilles and Gans, 1995; Armstrong et al., 2003; Stockli et al., 2003) .
Basin and Range faulting is less well understood along the northern margin of the province in northwestern Nevada (Fig. 2) . Extensional faulting in this region appears to be distinctly younger and of smaller magnitude than the widespread middle Miocene extension in the center of the province . High fault-bounded ranges in this region give way northward to the high lava plateaus of southern Oregon, and the pre-Miocene tectonic history is obscured in many places by gently dipping Cenozoic lavas. Previous workers suggested that older Oligocene-early Miocene rocks in northwestern Nevada (Fig. 2 ) may record early Miocene(?) extensional faulting (Noble et al., 1970; Graichen, 1972) , but the relevant units have not been studied in suffi cient detail to properly characterize such faulting.
This study aims to better document the timing of Basin and Range extensional faulting and Cenozoic volcanism in northwestern Nevada and, in particular, to determine if there is evidence for extensional faulting prior to the late Miocene high-angle faulting that formed the modern ranges in the region. Well-preserved geologic relationships in the Pine Forest Range (Figs. 2, 3) are ideally suited for addressing these questions. Tertiary strata range from Oligocene to middle Miocene and are well exposed in a west-tilted, normal-fault-bounded crustal block (Noble et al., 1970; this study) .
In this paper, we present new geologic mapping and 40 Ar/ 39 Ar ages of these Tertiary units, documenting a conformable 30-16 Ma volcanic and sedimentary sequence that shows no evidence for syndepositional faulting or tilting. The basement rocks exposed beneath the Tertiary sequence include abundant Jurassic-Cretaceous granitic plutons (Fig. 3 ) that permit the use of apatite fi ssion-track thermochronology for dating the fault slip, tilting, and uplift that formed the range (e.g., Fitzgerald et al., 1991; Miller et al., 1999; Stockli et al., 2003) . Fission-track data presented here document a single episode of major normal faulting that was ongoing from 12 to 7 Ma and continued into more recent times. 
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Area of Figure 3 B la c k R o c k R . Together with regional data from nearby ranges, these new data indicate that Basin and Range extension in northwestern Nevada did not begin until the late Miocene, involved only a single generation of range-bounding normal faults, and accommodated moderate total amounts of extension (15%-20%).
PRE-TERTIARY GEOLOGY OF THE PINE FOREST RANGE
Basement rocks in the Pine Forest Range consist of Paleozoic to latest Triassic strata intruded by Jurassic and Cretaceous granitic plutons. Paleozoic strata include sedimentary and volcanic rocks that represent a Paleozoic arc system accreted to the continental margin during the Permo-Triassic Sonoma orogeny (Wyld, 1996) . Overlying Mesozoic strata consist primarily of volcanogenic rocks related to development of the early Mesozoic continental margin arc (Wyld, 1996 (Wyld, , 2002 . Both Paleozoic and Mesozoic strata were deformed under greenschist-to amphibolite-facies conditions during southeast-northwest-directed shortening in Early to Middle Jurassic time, coeval with intrusion of Jurassic (200-185 Ma) plutons (Wyld, 1996) . These metamorphic rocks are exposed as an intact, south-dipping crustal block in the southeastern part of the range (Fig. 3 ) that exposes progressively highergrade, more deformed rocks from south to north. The tilting of this sequence postdates major Jurassic metamorphism and is thought to predate the intrusion of the Cretaceous (115-108 Ma) granitic plutons that now underlie much of the study area (Fig. 3; Wyld, 1996; Wyld and Wright, 2001 ). Wyld and Wright (2001) suggest that a major Early Cretaceous NNE-SSW-trending dextral strike-slip fault zone runs through the northern Pine Forest Range and may have accommodated tilting of the basement rocks and later localized intrusion of younger Cretaceous plutons. Noble et al. (1970) described and named several volcanic units in the Pine Forest Range and nearby ranges, and Tertiary rocks in the southeastern part of the range were mapped and described by Smith (1973) . Tertiary volcanic rocks in the study area (Figs. 3, 4) were previously mapped by Bryant (1970) and Graichen (1972) . Miocene ash-fl ow tuffs from the McDermitt Caldera complex to the east (Fig. 3 ) were described and dated by Rytuba and McKee (1984) and Conrad (1984) , and Miocene rhyolite lavas and ash fl ows from the Virgin Valley Caldera to the west (Fig. 3) were described and dated by Castor and Henry (2000) .
TERTIARY IGNEOUS ROCKS OF THE PINE FOREST RANGE
Here, we present descriptions of the Tertiary volcanic rocks in the northern Pine Forest Range, together with new   40   Ar/   39 Ar ages and geochemical data that establish the age and composition of the rocks in the study area. Field relationships are shown on the geologic map and cross section (Fig. 4) , stratigraphic relationships are summarized in Figure 5 , and geochronologic data are presented in Table 1 (also in Data Repository item, Part 1). 1 The geochemical data are shown in Figures 6 and 7 (also Table DR3 ; see footnote 1). Wherever possible, we recalculated cited 40 Ar/
39
Ar ages to the same assumed monitor age used in this study (sanidine from the Taylor Creek Rhyolite; Duffi eld and Dalrymple, 1990), using the calibration factors of Renne et al. (1998) . Recalculated ages are followed by "(TCs)" when quoted in the text; a listing of original and recalculated ages is available in Table DR4 (see footnote 1).
Trachyandesitic Intrusive Rocks
The oldest Tertiary rocks in the Pine Forest Range are commonly reddish-weathering, dark gray-green, porphyritic trachyandesites that contain abundant plagioclase and hornblende and lesser biotite phenocrysts in a fi ne-grained holocrystalline groundmass (unit Ta, Fig. 4 ). These rocks are poorly exposed and were previously mapped as lava fl ows (Graichen, 1972 ), but we interpret them as hypabyssal intrusive rocks on the basis of their outcrop patterns (mapped largely from fl oat) and coarsely porphyritic textures. Biotite from one small intrusion yielded a 40 Ar/ 39 Ar plateau age of 38.21 ± 0.29 Ma (Fig. 5) .
Older Basalt Flows
South and west of Fisher Peak (Fig. 4) , Mesozoic granitic basement rocks are overlain unconformably by a series of thin (~2-5 m thick), dark-weathering, black, fi ne-grained, vesicular basalt and basaltic andesite fl ows with distinctive small (1 mm) olivine phenocrysts altered to bright reddish iddingsite(?) (unit Tob, Fig. 4 ). This unit is thickest (~350 m) south of Fisher Peak and thins and pinches out to the north and south (Fig. 4) , indicating that it fi lls a small, roughly east-west-trending paleovalley that is now tilted down to the west.
A groundmass concentrate from the base of this unit west of Alta Creek Road (Fig. 4) yielded complex 40 Ar/ 39 Ar release spectra that do not defi ne a plateau (Fig. 5) . The two lowest-temperature steps are characterized by low radiogenic yields (<50%) and young ages; higher-temperature steps are highly radiogenic (90%-99%) and cluster about 30 Ma (Fig. 5) . These steps yield a poorly defi ned isochron because of their low 36 Ar/ 40 Ar ratios; therefore, we calculate a weighted-mean age of 30.07 ± 0.40 Ma for these steps and consider this the best age for this sample (Fig. 5) .
Tuffaceous Sedimentary Rocks and AshFlow Tuffs
The older basalts are overlain by as much as 400 m of thinly bedded, generally fi ne-grained, tuffaceous sedimentary rocks interbedded with ash-fl ow sheets and basalt fl ows. With the exception of densely welded ash fl ows and thin (<5 m) basalt fl ows, these poorly consolidated rocks are not well exposed and were mapped as a single unit (unit Ts, Fig. 4 ). Interbedded basalt fl ows extensive enough to be individually mapped are included in map unit Tob (Fig. 4) . Two of the interbedded ash-fl ow tuffs (Tuff of Alder Creek and Ashdown Tuff) form important regional marker units and are described separately in following sections. The Tuff of Alder Creek is discontinuously exposed near the base of the sequence, and the Ashdown Tuff forms a distinctive, regionally extensive marker bed higher in the sequence (Figs. 3, 4) . As much as 200 m of fi negrained tuffs and tuffaceous sedimentary rocks overlie the Ashdown Tuff, although the thickness of these rocks is diffi cult to measure because they are poorly exposed and disrupted by monoclinal folds and small normal faults (Fig. 4) .
A groundmass concentrate from a thin basalt fl ow between the Alder Creek and Ashdown tuffs (sample PF13) yielded a 40 Ar/
39
Ar plateau age of 26.20 ± 0.39 Ma (Fig. 5) . Sanidine from an unnamed ash-fl ow tuff (sample PF17) a few meters above the Ashdown Tuff yielded a 40 Ar/
Ar weighted-mean age of 25.27 ± 0.17 Ma (Fig. 5 ) from laser fusion of four multigrain aliquots (~1.2 mg each). A groundmass concentrate from a thin (~3 m thick) basalt fl ow higher in the section (sample PF21) yielded apparently fl at 40 Ar/
Ar release spectra at ca. 23.5 Ma that do not defi ne a plateau because of the small uncertainties of individual heating steps (Fig. 5) 
Tuff of Alder Creek
The oldest mappable ash-fl ow tuff unit (unit Tac, Fig. 4 ) is a reddish-brown-weathering, pale orange-gray, densely welded trachydacitic ash-fl ow tuff that is relatively crystal poor and contains distinctive biotite and anorthoclase phenocrysts, with minor small (<1 cm) lithic fragments. We informally refer to this unit as the Tuff of Alder Creek after exposures just west of Alder Creek in the central part of the range (Fig. 3) . The source area and regional distribution of the Tuff of Alder Creek are unknown, although it may be correlative with ash-fl ow tuffs in the Black Rock Range (Fig. 2 ) to the south, described by Lerch et al. (2004) . Ar weightedmean age of 26.9 ± 1.1 Ma but do not overlap at the 95% confi dence level, ranging from 25.9 to 27.5 Ma. Inconsistency between analyses may result from contamination by older xenocrystic grains that would make 26.9 Ma a maximum age for this sample. The minimum age is constrained by the 26.20 ± 0.39 Ma age from an overlying basalt fl ow (sample PF13). Despite the uncertainty of these analyses, we assign the Tuff of Alder Creek an age of 26.9 ± 1.1 Ma, consistent with its stratigraphic position above sample PF27 (30.07 ± 0.40 Ma) and below sample PF13.
Ashdown Tuff
The Ashdown Tuff is the most widespread Tertiary unit in the northern Pine Forest Range and was named by Noble et al. (1970) for prominent exposures at the Ashdown Mine (Fig. 3) . This unit is a distinctive, dark red-weathering, pale-reddish-gray, pumice-and crystalrich alkali rhyolite ash-fl ow tuff. In the study area it is 20-50 m thick and densely welded, forming prominent dark-red cliffs that are an important marker for reconstructing Cenozoic faulting. It contains common lithic fragments up to ~1 cm in size; abundant, well-developed pumice fi amme; sparse biotite; and abundant sanidine phenocrysts that form distinctive, coarse-grained (>5 mm) euhedral crystals. The regional distribution and source of the Ashdown Tuff are unknown, although Noble et al. (1970) suggest a source in the Black Rock Range (Fig. 2 ) ~80 km to the south. Noble et al. (1970) reported a K-Ar age of 25.1 ± 0.8 Ma on sanidine from the Ashdown Tuff (recalculated using decay constants of Steiger and Jäger, 1977) . We analyzed fi ve multigrain sanidine aliquots by laser fusion from a sample of the Ashdown Tuff (sample PF28) at its type locality at the Ashdown Mine (Fig. 3) , which give a weighted-mean age of 26.09 ± 0.31 Ma (Fig. 5 ). This age is consistent with the stratigraphic position of the Ashdown Tuff above sample PF13 (26.20 ± 0.39 Ma) and below sample PF17 (25.27 ± 0.17 Ma). Our age is consistent with that of Swisher (1992) Ar age of 26.26 ± 0.03 Ma (TCs) for the Ashdown Tuff.
Steens Basalt
The older volcanic rocks are overlain by a thick (up to ~550 m) sequence of reddishweathering, vesicular olivine basalt fl ows. These basalts were erupted locally from numerous north-to north-northwest-trending dikes and formed extensive sills within the Tertiary sedimentary section (Figs. 4, 5) . Distinctive fl ows near the base of this unit contain >50% large tabular plagioclase phenocrysts (up to 4 cm long).
A groundmass concentrate from basaltic sills beneath the Ashdown Tuff southwest of Fisher Peak (sample PF24) yielded a 40 Ar/
39
Ar plateau age of 16.20 ± 0.56 Ma (Fig. 5) , confi rming the relationship of the sills to the basalt fl ows higher in the section. A groundmass concentrate ( sample PF25) from near the base of the basalt fl ows west of Fisher Peak (Fig. 4) Ar release spectra that do not defi ne a plateau (Fig. 5) . The 10 middle steps range from ca. 14-17 Ma (Fig. 5) and are characterized by low to moderate (40%-85%) radiogenic yields. Owing to the range of low radiogenic yields for these steps, we prefer the inverse-isochron age of 16.33 ± 0.95 Ma for this sample (Fig. 5) . Another groundmass concentrate (sample PF23) from a thin fl ow near the base of the basalt section (Fig. 4) (Fig. 5) . A minimum age for the basalt fl ows is given by the 16.32 ± 0.15 Ma age of an overlying tuff described in the next section (unit Tmt, Fig. 4 ). This age overlaps the three ages from the underlying basalts at the 95% confi dence level. We therefore consider the basalt fl ows to be ca. 16.3 Ma, slightly older Table DR3 (see footnote 1).
than the overlying tuff but statistically indistinguishable from it on the basis of these data. On the basis of similar petrographic character, age, and geochemistry, we correlate these basalt fl ows with the regionally extensive Steens Basalt, which has been mapped along strike to the north in the Pueblo Mountains (Roback et al., 1987; Hart et al., 1989) . The dark, coarsely plagioclase-phyric fl ows near the base of the section are similar to fl ows in the lower part of the Steens Basalt at its type locality at Steens Mountain (Fig. 2) (Johnson et al., 1998) . Swisher (1992) Camp et al., 2003) , analyzed by Johnson et al. (1998) (Fig. 6 ).
Miocene Tuff
The youngest dated unit is a thin (<30 m) dark-red-weathering, blue-gray to blue-green, densely welded rhyolite ash fl ow that crops out in the southwestern part of the study area (unit Tmt in Fig. 4 ). It contains rare angular lithic fragments, abundant pumice, and common euhedral sanidine phenocrysts.
Sanidine from this unit (sample PF46) yielded a 40 Ar/
39
Ar weighted-mean age of 16.32 ± 0.15 Ma (Fig. 5 ) from laser-fusion analyses of four multigrain aliquots (~1.2 mg each). On the basis of age and composition, we consider two potential correlations-source areas for this tuff-but are unable to distinguish between them: the Tuff of Oregon Canyon (Rytuba and McKee, 1984) or the Idaho Canyon Tuff (Noble et al., 1970) .
The Tuff of Oregon Canyon erupted from the McDermitt Caldera to the east (Fig. 2) and directly overlies exposures of the Steens Basalt along strike to the north in the Pueblo Mountains (Fig. 2) (Rytuba and McKee, 1984; Roback et al., 1987) . The Tuff of Oregon Canyon is similar in composition, appearance, and geochemistry to the tuff described here, and Rytuba and McKee (1984) dated it at 16.1 ± 0.2 Ma (K-Ar sanidine), within the uncertainty of our 16.32 ± 0.15 Ma age.
The other likely correlation for this tuff is the Idaho Canyon Tuff (Noble et al., 1970) , erupted from the nearby Virgin Valley Caldera to the west ( Fig. 2 ; Castor and Henry, 2000) . The Idaho Canyon Tuff is similar in composition and appearance to the tuff described here, and Swisher (1992) 
GEOCHEMISTRY
Major-and trace-element geochemical data were obtained from 15 samples to characterize the rocks described previously, but detailed petrogenetic analysis of this suite of rocks is beyond the scope of this paper. The data are primarily intended to properly name these rocks and illustrate the bimodal nature of both the Oligocene (ca. 30-23 Ma) and Miocene (ca. 17-16 Ma) volcanic sequences (Figs. 5, 6 ).
The 38 Ma intrusive rocks are trachyandesitic (Fig. 6 ) and thus distinctly different from the overlying Oligocene and Miocene basalts and rhyolites. These intrusions may be related to development of the Eocene Cascade magmatic arc in northwestern Nevada (discussed in Christiansen and Yeats, 1992) or to the earliest stages of the major magmatic activity that swept across central Nevada during Eocene-Oligocene time (e.g., Armstrong and Ward, 1991) , but the sparse outcrop of these units and the limited data obtained in this study preclude a more detailed analysis.
Both the Oligocene (30-23 Ma) and Miocene (17-16 Ma) volcanic suites are bimodal, but the Oligocene rocks are mostly trachytic and range more widely in silica content, from basalt and basaltic andesite to dacite and rhyolite (Fig. 6) , whereas the Miocene (ca. 17-16 Ma) rocks consist only of true basalt and rhyolite (Fig. 6) . Too little geochemical data are available to address the signifi cance of these differences, but they may indicate that Oligocene magmas were generated from a different source that interacted to a different degree with underlying crust than the Miocene magmas.
TERTIARY NORMAL FAULTING AND TILTING
Previous workers mapped an unconformity in the northern Pine Forest Range Tertiary section (Graichen, 1972) . Noble et al. (1970) Table DR3 (see footnote 1).
"progressive offl ap relations and angular discordance" between the 26 Ma Ashdown Tuff and the 16 Ma Tuff of Craine Creek to the south of our study area, although the precise location of this relationship is not specifi ed. A major goal of this study was to determine if there is evidence for extensional faulting and tilting of the volcanic rocks prior to the high-angle faulting that formed the modern Pine Forest Range. Geologic mapping (1:24,000 scale) in the Vicksburg Canyon Quadrangle (Fig. 4) demonstrates that the Tertiary volcanic section is everywhere conformable (with the exception of the early intrusives) and that variations in the dip of Tertiary rocks result from bending related to small-offset normal faults (shown in cross section A-A′, Fig. 4 ). Although these bends locally give the appearance of angular discordance between the Ashdown Tuff and the younger Steens Basalt, the west dip of the entire section varies from near horizontal to 35°-40°, and there is no systematic variation with age, indicating that bending postdates the youngest (16.3 Ma) units.
The modern Pine Forest Range is bounded to the east by an east-dipping, down-to-theeast normal fault that accommodated uplift and tilting of the modern range (Figs. 3, 4) . The northern part of the range is tilted as an intact block along this fault. To the south, the interior of the range is broken by two other north-striking faults, the Leonard Creek and Alder Creek Faults (Fig. 3) . In the northern part of the range, dip-slip motion on the range-front fault resulted in at least 2.5 km of vertical offset (Fig. 4) , but no direct (e.g., seismic or borehole) data are available for determining the depth of the basin fi ll in the adjacent valley. Basin-depth maps (1:2,500,000 scale) from gravity data (Saltus and Jachens, 1995) suggest that sedimentary fi ll in this valley is no thicker than 0.5-1.0 km, indicating a minimum of 3-3.5 km vertical offset for the range-front fault.
Where exposed at Four Springs (Fig. 3) , the range-front fault dips ~40°E, with welldeveloped striations indicating dip-slip motion (Fig. 3) . We infer that the Pine Forest Range was tilted up to 30°-35° during a single episode of extensional movement along this fault, which originally would have dipped ~70°E. The amount of tilting varies along strike from ~20° in the southern part of the range to ~40° near the Ashdown Mine to the north (Fig. 3) . In the southern part of the range (Fig. 3) , extension was taken up by three faults, with correspondingly less rotation of the footwall blocks. To the north, extension and tilting took place along a single fault (Fig. 3) , leading to a greater amount of rotation and tilting to accommodate the same amount of horizontal extension. Along the line of section A-A′ (Fig. 4), 30° tilting of the range resulted in ~5-6 km of horizontal extension, although the absence of robust constraints on the depth to basement east of the range-front fault makes this a relatively crude estimate.
FISSION-TRACK DATING OF PINE FOREST RANGE UPLIFT
The fi ssion-track method is routinely used to date the timing of slip on major normal fault systems in many parts of the Basin and Range province (e.g., Fitzgerald et al., 1991; Stockli et al., 2003; Surpless et al., 2002; Armstrong et al., 2003) , and a detailed explanation of this application is given in Miller et al. (1999) . Apatite fi ssion-track ages are reset to zero age at subsurface temperatures >~110-135 °C, generally equivalent to subsurface depths >~3-5 km. Ages are partially reset over the temperature range ~60-110 °C, termed the partial annealing zone (PAZ) (e.g., Green et al., 1989; Dumitru, 2000) . Broader track-length distributions and shorter mean track lengths are characteristic of longer residence time in the PAZ, whereas consistently longer tracks indicate relatively rapid cooling through the temperature interval ~110-60 °C (e.g., Gleadow et al., 1986; Green et al., 1989) . To determine the time of slip on major normal faults, systematic transects of samples were collected across the footwall of the fault system to obtain samples that resided at the widest possible range of paleodepths-and thus paleotemperatures-before extension and exhumation began.
Seventeen fi ssion-track samples were analyzed from the Pine Forest Range (Table 2) , fourteen from an east-west transect (Figs. 3, 4) across the Granite Mountain plutonic complex, two from the range front north and south of the transect (Fig. 3) , and 1 additional sample from the base of New York Peak along the Leonard Creek Fault to the south and west (Fig. 3) . In general, the samples from the Rattlesnake Springs and Thacker Canyon phases of the Granite Mountain plutonic complex (Fig. 4) yielded abundant, high-quality apatite, whereas apatite from the Mahogany Mountain quartz monzonite and the granodiorite underlying New York Peak (Fig. 3) was generally of lower quality (fewer grains, more fractures and dislocations).
To calculate the pre-extensional paleodepths of samples shown in Figure 8 , we projected the basal Tertiary unconformity across the range with a dip of 30° along line A-A′ (Fig. 4) and added the present thickness of the volcanic rocks along line A-A′ (~1100 m) to the vertical depth of each sample beneath the unconformity. In doing so, we assumed that no faults or folds disrupt the basement rocks east of the oldest Tertiary rocks (Fig. 3) . Previous workers (Smith, 1973; Wyld, 1996) did not map any fault offset of the gradational contact between the Rattlesnake Springs and Thacker Canyon plutons, and no evidence of faulting was observed along the line of the fi ssion-track sample transect.
The Pine Forest Range fi ssion-track ages exhibit a systematic decrease with increasing structural depth, as expected in an exhumed normal-fault footwall block (Fig. 8A, B) . At shallow structural depths, 83-75 Ma ages and long track lengths record an older cooling event unrelated to extensional faulting. At intermediate depths (~1.8-3.9 km), ages trend progressively younger (Fig. 8A ) and track lengths trend shorter (Fig. 8B) , refl ecting incomplete resetting of the fi ssion-track system within the PAZ before exhumation began. At paleodepths deeper than ~4 km, samples have nearly uniformly young apparent ages and longer track lengths, indicating that they were fully reset to zero age (hotter than ~110 °C) prior to exhumation and cooling through the PAZ.
The data defi ne an exhumed pre-extensional fi ssion-track PAZ, the base of which (110 ± 10 °C) lies at 3.9 ± 0.1 km paleodepth (Fig. 8) . Samples below this depth have mostly long tracks (~14 μm) indicative of relatively rapid cooling through the PAZ, whereas samples directly above this depth have shorter mean track lengths (12-13 μm) and broader distributions of track lengths resulting from longer residence time in the PAZ (Fig. 8) . The top of the exhumed PAZ (60 ± 5 °C) lies at ~1.8 ± 0.2 km paleodepth; above this level, samples preserve Cretaceous ages unreset prior to Cenozoic faulting (Fig. 8) . Assuming a surface temperature of 10 ± 5 °C, the position of the exhumed PAZ is consistent with a pre-extensional (late Miocene) geothermal gradient of 26 ± 6 °C/km.
Older (83-75 Ma) samples from above the PAZ date an earlier event unrelated to extensional faulting, possibly regional exhumation of this region during the Late Cretaceous-Early Tertiary. Samples within the PAZ trend progressively younger overall, but sample PF11 is anomalously young, with long track lengths indicative of rapid cooling (Fig. 8) . Numerous thin (~0.5-2 m), undated mafi c dikes intrude the granitic basement along the fi ssion-track sample transect and are presumed to be coeval with either Oligocene or middle Miocene volcanism. We interpret sample PF11 as partially reset by localized heating associated with Tertiary dike emplacement, because it appears to have rapidly cooled at a time corresponding to no known structural or regional tectonic event.
The structurally deepest samples from beneath the PAZ (close to the range front) document tilting, uplift, and cooling of the range ca. 11-7 Ma. ); NS-number of spontaneous tracks counted; Rho-I-induced track density in external detector (muscovite) (×106 tracks per cm 2 ); NI-number of induced tracks counted; P(c 2 )-c 2 probability (Galbraith, 1981; Green, 1981) ; Rho-D-induced track density in external detector adjacent to dosimetry glass (×106 tracks per cm 2 ); ND-number of tracks counted in determining Rho-D. Age is the sample central-fi ssion-track age (Galbraith and Laslett, 1993) , calculated using zeta calibration method (Hurford and Green, 1983 ) with a zeta factor of 367.6 ± 5.0. Analyst: J.P. Colgan.
The precise onset of faulting is diffi cult to pinpoint with this data set, but it probably began ca. 12-11 Ma. The youngest sample along the main transect is 8.8 Ma, and additional samples from slightly deeper paleodepths to both the north and south of the main transect (Fig. 3) have apparent ages of ca. 7 Ma, indicating that faulting and uplift of the range were ongoing ca. 11-7 Ma. The amount of post-7 Ma fault slip and uplift is not known, but it was not suffi cient to exhume younger fi ssion-track ages and was therefore probably <2 km (equivalent to subsurface temperatures of ~60 °C). Although no historic earthquakes have occurred in the Pine Forest Range, and there is no obvious evidence (e.g., fault scarps in alluvium) for historic slip on the range-bounding fault, well-developed triangular facets on the east side of the range suggest at least some offset along this fault within the past million years.
DISCUSSION Late Cretaceous-Early Tertiary Cooling
Late Cretaceous fi ssion-track ages from the structurally highest level of the pre-Tertiary basement in the northern Pine Forest Range (within 500 m of the basal Tertiary unconformity) indicate that the area was exhumed to within a few kilometers of the surface by 83-75 Ma and has not been buried signifi cantly (greater than subsurface depths equivalent to ~60 °C) since that time. Exposure of ca. 38 Ma intrusive bodies prior to deposition of the oldest (30 Ma) Tertiary lava fl ows further testify to at least some erosion and development of topographic relief on the exposed Mesozoic-Paleozoic basement surface during the late Eocene-early Oligocene. The absence of mapped Eocene volcanic rocks in northwestern Nevada makes it diffi cult to estimate the thickness of material eroded during this time, but the amount of overburden was not suffi cient to reset Cretaceous fi ssion-track ages from the underlying basement, and therefore the eroded material was probably <1-2 km thick.
Oligocene Volcanism
Beginning ca. 30 Ma, older topography in the northern Pine Forest Range was fi lled and covered by basalt fl ows and ash-fl ow tuffs erupted in the Oligocene. Although the source areas of these eruptions are not known, thick (>1 km) sequences of Oligocene basalts and ash-fl ow tuffs crop out to the south in the Black Rock Range and Calico Hills (Noble et al., 1970; Lerch et al., 2004) and, to a lesser degree, to the north in the Pueblo Mountains (Roback et al., 1987) (Fig. 2) . Ash-fl ow tuffs similar in age (26-25 Ma) to those in the Pine Forest Range also crop out to the west in the Warner Range (Fig. 2) (Duffi eld and McKee, 1986) ; thus, late Oligocene volcanism in the northern Pine Forest Range appears to have been part of a more regionally extensive episode of bimodal volcanism.
Oligocene volcanic rocks in the Pine Forest Range were erupted over the same interval as the extensive series of ash-fl ow tuffs erupted across much of central Nevada between 43 and 17 Ma (e.g., Stewart, 1980) , with the greatest volume having erupted between 31 and 20 Ma (Best and Christiansen, 1991) . However, the bimodal, alkalic composition of the Pine Forest Range rocks distinguishes them from the great volume of ignimbrites erupted to the south and east, which are predominantly calc-alkaline and more intermediate in composition (e.g., Christiansen and Lipman, 1972; Best and Christiansen, 1991) .
Voluminous Eocene-early Miocene calcalkaline volcanism in the Basin and Range is commonly thought to have resulted from progressive-southward removal or decoupling of the shallowly subducting Farallon slab and the resulting infl ux of hot asthenospheric material into the crust (e.g., Humphreys, 1995) , causing "belts" of magmatism to sweep southward across the Basin and Range (e.g., Armstrong and Ward, 1991) . Widespread intermediate volcanism across much of Nevada during this time (Fig. 1) resulted from mixing of basalt with continental crustal material. The initial basalts may have been trapped in thickened, warm, unextending crust (e.g., Best and Christiansen, 1991) or mixed into a ductily fl owing lower crust during rapid extension (e.g., Gans et al., 1989) .
If Oligocene volcanism in northwestern Nevada was fed by the same asthenospheric upwelling as the central Nevada "ignimbrite fl areup," why were the erupted volcanic rocks more bimodal than calc-alkaline? Basaltic magmas may have risen more easily through an initially thinner crust than that in central Nevada, where the crust was thickened to at least 50 km by the end of the Cretaceous (e.g., Coney and Harms, 1984) . The crust beneath northwestern Nevada is composed of Phanerozoic volcanic arc terranes intruded by Cretaceous granitic plutons. Both the Paleozoic arc rocks and the mafi c roots that likely underlie the granitic plutons are potentially more refractory than the thrust-thickened miogeoclinal strata that underlie much of central and eastern Nevada (e.g., Stewart, 1978) and thus are prone to a lesser degree of partial melting when intruded by basalts. Finally, the amount of basalt initially added to the crust may simply have been smaller in northwestern Nevada than in central Nevada, with correspondingly less ability to melt and assimilate continental crust. Although all of these factors are plausible, more detailed regional geologic and geochemical studies are necessary to determine why Oligocene volcanism proceeded differently in northwestern Nevada than it did in most other parts of the Basin and Range.
Timing of Extensional Faulting
Following the eruption of 30-23 Ma volcanic rocks, northwestern Nevada was volcanically inactive until the eruption of the Steens Basalt, beginning ca. 16.5 Ma. The Steens Basalt is equivalent to, but slightly older than, the more voluminous Columbia River basalts to the north (Fig. 1) and may represent the earliest eruptions of the larger Columbia River fl ood basalt province (Hooper et al., 2002) . Many workers consider these fl ood basalts to have resulted from initial mid-Miocene impingement of the voluminous deep mantle plume that underlies the modern Yellowstone hotspot (e.g., Pierce and Morgan, 1992; Camp et al., 2003) , although a mantle plume origin for both the basalt eruptions and the Yellowstone hotspot itself remains controversial (e.g., Christiansen et al., 2002; Foulger et al., 2004) . Whatever their source, these eruptions are impressive both in volume (up to 300,000 km 3 ) and eruption rate, with >90% of the total volume having erupted between 16.1 and 15.0 Ma (Hooper et al., 2002) . They thus form an important regional stratigraphic marker that is useful for reconstructing Basin and Range faulting.
In the Pine Forest Range, the Steens Basalt is conformable with the underlying Oligocene volcanic rocks and is tilted up to 30°-35°, demonstrating that the area was unbroken by large-offset normal faults during the interval 30-17 Ma. Similar geologic relationships exist in the Black Rock Range (Fig. 2) , where 35-23 Ma basalts and rhyolites dip gently (<10°) and are conformable with overlying 16 Ma and younger ashfl ow tuffs (Lerch et al., 2004) ; the Warner Range (Fig. 2) , where Duffi eld and McKee (1986) documented a conformable 34-14 Ma sequence of volcanic rocks that dip ~25°W; and the Pueblo Mountains (Fig. 2) , where the Steens Basalt dips ~20°W and conformably overlies a small volume of Oligocene rocks mapped by Roback et al. (1987) . In the Bilk Creek Mountains, just east of the Pine Forest Range (Fig. 2) , the Steens Basalt and overlying ash-fl ow tuffs are cut by multiple faults and dip 20°-30° (Minor, 1986) . Farther east in the Santa Rosa Range (Fig. 2) , 16.5-15 Ma mafi c lavas unconformably overlie pre-Tertiary basement and dip gently (~15°) to the east (Brueseke et al., 2003) , and apatite fi ssion-track data argue against faulting and tilting prior to deposition of these rocks. These relationships suggest that a potentially large region of northwestern Nevada (up to ~10,000 km 2 after regional extension) remained intact and unextended during peak Oligocene and middle Miocene volcanism, including the region between the Pine Forest and Warner Ranges now covered by fl at-lying, ca. 16.5 Ma and younger volcanic rocks.
Apatite fi ssion-track data from the Pine Forest Range are consistent with geologic evidence for post-16 Ma faulting and tilting, and they demonstrate that extensional faulting and uplift of the modern Pine Forest Range along highangle faults began as early as ca. 12-11 Ma and was ongoing from 10 to 7 Ma. Fission-track ages and geologic relationships from the Santa Rosa Range (Fig. 2) to the east also indicate a 10-6 Ma age for extensional faulting , and Duffi eld and McKee (1986) suggest a <14 Ma age for the onset of faulting in the Warner Range (Fig. 2) . Thus it appears that the Basin and Range province in the region between the Warner and Santa Rosa Ranges (Fig. 2) developed during late Miocene time in a region of previously little extended crust.
CONCLUSIONS
The preservation of Cretaceous fi ssion-track ages from high structural levels of the Pine Forest Range footwall block testifi es to modest erosion and development of topographic relief on the pre-Tertiary basement surface during the Late Cretaceous-early Oligocene. Oligocene (30-23 Ma) bimodal volcanic rocks are conformably overlain by a younger Miocene (17-16 Ma) basalt-rhyolite suite on the west side of the range, demonstrating that no signifi cant faulting and tilting took place between 30 and 16 Ma. Oligocene and Miocene volcanic rocks were tilted up to ~30°-35° during later Basin and Range extension and high-angle faulting that began ca. 12-11 Ma and was ongoing ca. 10-7 Ma. These data indicate that Basin and Range faulting in northwestern Nevada is distinctly younger and of lower total magnitude than that in central and eastern Nevada, where multiple generations of large offset faults were active from the Eocene into the middle Miocene.
